We have investigated spin accumulation in Ni/Au/Ni single-electron transistors assembled by atomic force microscopy. The fabrication technique is unique in that unconventional hybrid devices can be realized with unprecedented control, including real-time tunable tunnel resistances. A grid of Au discs, 30 nm in diameter and 30 nm thick, is prepared on a SiO 2 surface by conventional e-beam writing. Subsequently, 30 nm thick ferromagnetic Ni source, drain and sidegate electrodes are formed in similar process steps. The width and length of the source and drain electrodes were different to exhibit different coercive switching fields. Tunnel barriers of NiO are realized by sequential Ar and O 2 plasma treatment. Using an atomic force microscope with specially designed software, a single non-magnetic Au nanodisc is positioned into the 25 nm gap between the source and drain electrodes. The resistance of the device is monitored in real-time while the Au disc is manipulated step-by-step with Ångstrom-level precision. Transport measurements in magnetic field at 1.7 K reveal no clear spin accumulation in the device, which can be attributed to fast spin relaxation in the Au disc. From numerical simulations using the rateequation approach of orthodox Coulomb blockade theory, we can put an upper bound of a few ns on the spin-relaxation time for electrons in the Au disc. To confirm the magnetic switching characteristics and spin injection efficiency of the Ni electrodes, we fabricated a test structure consisting of a Ni/NiO/Ni magnetic tunnel junction with asymmetric dimensions of the electrodes similar to those of the SETs. Magnetoresistance measurements on the test device exhibited clear signs of magnetic reversal and a maximum TMR of 10%, from which we deduced a spinpolarization of about 22% in the Ni electrodes.
Electron tunneling through ferromagnetic junctions is of current interest due to expected applications in magnetic random access memories (MRAM), read/write heads in hard discs and in other spintronic devices 1 . Most of the experimental and theoretical work published up to now focus on tunnel magnetoresistance (TMR) behavior in simple planar junctions. In this context, TMR implies an increase in the junction resistance when the magnetic moments of the two leads change from parallel to antiparallel alignment. More recently, spin-dependent tunneling in more complex systems, e.g. ferromagnetic single-electron transistors (F-SETs), has become an attractive topic for both experimental and theoretical studies 2 . In these devices, novel phenomena are expected to occur due to the interplay between charging effects and spin-dependent transport. Indeed, several experiments on F-SETs, starting with the seminal work by Ono et al. 3, 4 , have demonstrated enhanced TMR 3, 5 , and magneto-Coulomb oscillations of the TMR 4, 6 as a function of external magnetic field and bias voltage. On the other hand theoretical work [7] [8] [9] [10] [11] [12] [13] , besides clarifying some of these earlier experimental observations, predicts that spin accumulation on the central island of an F-SET should manifest itself in a variety of effects showing up in the magnetoresistance properties. Spin accumulation, together with spin injection, is a key concept in spintronics, and refers to a nonequilibrium spin population created in confined structures by external magnetic fields or spinpolarized currents. So far experimental verification of spin accumulation in F-SETs has been elusive. Only very recently two experiments 14, 15 have shown indirect evidence of its occurrence, albeit the interpretation of one of them 14 has been controversial 16 . In the following, we use the notation F/F/F and F/N/F for SETs with ferromagnetic leads and a ferromagnetic central island, or non-magnetic island, respectively. One fundamental difference between F/F/F and F/N/F SETs is the connection between spin accumulation and TMR. For F/F/F SETs a non-zero TMR can exist even in the case of vanishing spin accumulation on the central island 7 . In this case, discrete charging effects lead to TMR oscillations as a function of the bias voltage 7 . In contrast, for F/N/F SETs a net spin accumulation on the central island is necessary to observe a non-zero TMR at all. In this case the intrinsic spin-relaxation time on the central island is sufficiently long compared to the time interval between two successive tunneling events, so that a spin-polarized current generates a finite magnetic moment. The landmark of the occurrence of spin accumulation in both devices is a periodic sign change of the TMR as a function of the bias voltage, with dips directly related to the Fermi level splitting for electrons with different spin 9, [11] [12] [13] . Such features were indeed observed in the experiment by Yakushiji et al. 15 on F-SETs with one magnetic lead and a central island consisting of a Co nanoparticle.
One important conclusion from Ref. 15 is that the crucial parameter that controls spin accumulation, namely the spin-relaxation time, RE τ , is apparently strongly enhanced in nanoparticles over bulk structures. For instance, RE τ in Co nanoparticles is enhanced up to hundreds of nanoseconds in comparison with tens of picoseconds in ferromagnetic layers. Among the possible reasons for such long RE τ is the suppression of the spin-orbit mediated spin-flip scattering caused by the discreteness of the nanoparticle energy levels, 17 or by the properties of the matrix in which the nanoparticle is embedded. 18 It is fair to say, however, that spin-relaxation mechanisms in metal nanoparticles are at present not well understood.
In this paper, we demonstrate a novel type of SET design suitable for studying spin accumulation in well-controlled, strongly confined nanoparticles. The nanoparticle is in our case attached to a SiO 2 surface and not embedded in a disturbing matrix. We have chosen to study nanoscaled Au discs since no conclusive reports on the dependence of confinement on the spinrelaxation mechanism have been reported. In addition, Au is inherently interesting due to its very strong spin-orbit interaction.
In the present work, F/N/F SETs are fabricated on top of a 100 nm thick SiO 2 layer grown on a Si substrate (shown in Figure 1 (A) ). A grid of Au discs, 30 nm in diameter and 30 nm thick, is prepared by conventional electron-beam lithography followed by thermal evaporation and subsequent lift-off. Ferromagnetic Ni source and drain electrodes, 30 nm thick, 220 nm and 80 nm wide, 300 nm and 1.5 μm long, respectively, are formed in subsequent similar process steps together with a 30 nm thick Ni side-gate. Tunnel barriers of NiO are fabricated by sequential Ar plasma etching at a pressure of about 1.0 × 10 -4 mbar for 5 minutes and O 2 plasma etching at a pressure of about 1.0 × 10 -1 mbar for 3 minutes. The width (80 nm) of the drain electrode is comparable to the size of single Ni domains 19, 20 , while the source electrode is considerably wider (220 nm) and shorter (300 nm). Because of this shape anisotropy, the two electrodes will undergo magnetic reversal at different magnetic fields, confirmed by performing micromagnetic simulations using the OOMMF code 21 which give the coercivity field of 40mT and 90mT for the source and drain electrodes, respectively. By sweeping the magnetic field it should thus be possible to switch from parallel to antiparallel alignment of the magnetic moments in the two electrodes. The magnetic switching behavior and spin-injection efficiency of the electrodes is investigated in a test structure shown in the inset of Fig. 1B . The test structure consists of a Ni/NiO/Ni magnetic tunnel junction with overlapping Ni electrodes of the same dimensions as those used for the SET. The junction was fabricated by first forming a Ni electrode using conventional methods. Following this, a sequence of plasma treatment steps forms the NiO tunnel barrier on top of the electrode. Subsequently, a second Ni top electrode is defined to overlap the bottom electrode with approximately 50nm using a high-precision alignment procedure. Magnetoresistance measurements clearly show a maximum TMR signal of about 10% while sweeping the magnetic field (Fig. 1B) . This TMR signal provides strong support for that we can control the relative orientation of the magnetization of the two leads, and additionally, that the electrodes are efficient injectors of spin polarized current. Using Julliere´s model 22 , TMR = (R AP -R P )/R P = 2PP 2 / (1-P 2 P ), where R P and R AP are the resistances in parallel and anti-parallel magnetic configurations respectively, and P is the spin-polarization, we deduce a spin-polarization of 22% in the Ni electrodes. This value is in good agreement with the tunneling spin-polarization measured by Tedrow and Meservey in planar tunnel junction experiments 23 . It is noted that the magnetic switching occurs for slightly lower fields than expected from the OOMMF simulations, a discrepancy probably due to exchange bias introduced by the antiferromagnetic NiO.
After mounting and bonding the real sample on a standard chip carrier, a Au nanodisc is positioned step-by-step with Angstrom precision into the 25nm gap between the drain and source electrodes using the AFM manipulation technique described in Ref. 24 . The resistance of the device is monitored in real-time while the Au disc is manipulated, and the desired resistance (1 MΩ ~ 1 GΩ) for a good device can normally be obtained after merely a few attempts. For a given device, it is possible to tune the tunnel resistance by re-positioning the Au disc. A fairly high fabrication yield of typically 10% is obtained. The present devices differ significantly from previously reported AFM-assembled devices in that the electrodes are ferromagnetic with plasma-processed NiO tunnel barriers, and that only a single disc is used to bridge the gap between the source and drain electrodes. These substantial developments have resulted in well-controlled ferromagnetic SETs with long-term stability and a decreased fabrication complexity 25 . After the fabrication is completed, extensive conductance measurements are performed at 4.2K in a liquid helium dewar (schematic circuit diagram is shown in Fig. 1(C) ). Following these measurements, the sample is transferred to a cryostat housing a 6T superconducting magnet where the magnetoresistance measurements were carried out at 1.7 K. The magnetic field is in the plane of the device with a tunable orientation with respect to the orientation of the electrodes. , where ρ is the density of states in the Au disc, ν is the discs' volume, and P 1, P 2 denote the conduction electron spin-polarization of the source and drain electrodes respectively 11 . In our case the spin-polarization of the Ni electrodes is 22%. τ , which is the most crucial parameter of the TMR effect, depends on the island material and can also be considerably affected by the small size of the nanoparticle. In order to get a more accurate quantitative measure of the expected TMR, and its dependence on the bias voltage, we have performed detailed numerical simulations using the rate-equation approach of orthodox Coulomb blockade theory. In dealing with F-SETs with noncollinear configurations, it is often necessary to use a more sophisticated theoretical treatment in the spin transport [26] [27] [28] [29] . In our device only the external electrodes are magnetic and most likely their magnetization is parallel or antiparallel to the external magnetic field. Even in the case in which a certain degree of noncollinearity is present in the device, we believe that its effect is much more subtle than what we are after. It is plausible that a noncollinear configuration can to some extent modulate the TMR as a function of external field, but it will not completely suppress spin accumulation. In the following we thus consider only collinear configurations. The parameters of the model, namely tunnel resistances and capacitances, are adjusted to give the best fit of the experimental tunnel current and threshold voltage of the Coulomb blockade region. The capacitances are taken to be C S = 24 aF, C D = 20 aF and C G = 0.8 aF. The tunnel resistances are both R S = R D = 0.34 MΩ. We have also introduced an offset charge Q 0 = -0.25e to correctly reproduce the asymmetry of the I-V curve around zero gate bias. In Fig. 4 we plot the theoretically predicted TMR at T=1.7 K as a function of the bias voltage for a few values of the dimensionless relaxation time
, which enters the self-consistent equation for the splitting of the Fermi energy and thus controls the spin accumulation on the Au disc. Comparing the experimental and theoretical TMR in Fig.4 , it is difficult to say if there is indeed any genuine TMR. The apparent sign change of the noisy experimental TMR at low biases is not reproduced in the simulations at this temperature and for this choice of SET parameters. In fact, from our calculations it is evident that devices with symmetrical tunnel junctions in general exhibit changes in the sign of TMR only at very low temperatures. In Fig 5 we show the calculated TMR at 0.1K which is the highest temperature for which negative dips in the TMR are observed outside the Coulomb blockade region. From Fig. 4 , we furthermore note the presence of an experimental TMR value of about 1-2% at larger bias. This signal could obviously be interpreted as a genuine TMR signal, but it could also simply reflect a spurious charging effect. The discrepancy between the experimental results and numerical simulations hence makes the interpretation of the data in terms of TMR uncertain, leading us to settle with a determination of an upper bound for the spin relaxation time. We note that for 2 . 0 ≈ α the value of the theoretical TMR is of the order of 2%, which is approximately equal to the experimental TMR at large bias. With the choice of the tunnel resistances made above and using bulk density of states for Au, we estimate 20 ≈ dwell τ ns. Using 2 . 0 = α we obtain an upper bound for RE τ of 4 ns in an Au island with dimensions of a few tens of nm, which is several order of magnitudes larger than the spin-relaxation time previously reported in thin Au films 30 . Given the uncertainty in the interpretation of our TMR signal, we emphasize that this estimate is only an upper bound for RE τ . Nevertheless this conclusion is still significant and complementary to other recent magnetotransport measurements on F-SETs with smaller Au nanoparticles, which report a RE τ of the order of 1 ns 29, 31 . It should also be noted that our deduced spin-relaxation time is much larger than the spin-orbit scattering time SO τ estimated in Au nanoparticles of comparable size by investigating the individual g-factors of the non-interacting electron states 32 . The time SO τ represents merely an average strength of the spin-orbit interaction and does not correspond to any real relaxation process. The difference between these two times clearly shows that the strong spinorbit interaction, certainly present in noble metals 33, 34 and responsible for a very short SO τ in nanoparticles, is only one variable controlling RE τ . The other crucial element leading to spin relaxation is the coupling of the electron spin to other degrees of freedom of the nanoparticle and the surrounding substrate, such as phonons and magnons. The microscopic mechanisms of this coupling, and their dependence on the nanoparticle size, are important problems in spintronics which need to be unraveled by further theoretical and experimental studies.
In conclusion, we have studied spin accumulation in a Au nanodisc by performing magnetotransport measurements on a novel type of SET design assembled with an AFM. Ferromagnetic Ni source and drain electrodes are realized using conventional e-beam writing. In the same process we also produce the Ni side-gate electrode. Different widths and lengths of the source and drain electrodes facilitate magnetic reversal of the two electrodes at different magnetic fields. Tunnel barriers of NiO are realized by sequential Ar and O 2 plasma treatment. Using an AFM with specially designed software, a single non-magnetic Au nanodisc is positioned into the 25 nm gap between the drain and source electrodes. From measurements of spin-polarized transport via the Au nanodisc we conclude that no clear signatures of TMR are seen, indicating that spin accumulation in the Au island is not occurring due to fast spin relaxation in the Au island. From comparison with results of theoretical modeling we deduce an upper bound of 4 ns for the spin-relaxation time in an Au island with dimensions of a few tens of nanometers. To investigate the switching characteristics and spin-injection efficiency of the Ni electrodes, reference Ni/NiO/Ni tunnel junctions with dimensions of the electrodes similar to those employed in the SETs were fabricated. A maximum 10% TMR was observed from which we deduce a conduction electron spin-polarization of about 22% in the Ni electrodes in good agreement with theory. 
